Vitamin B12 (cobalamin, Cbl) is indispensable for proper brain development and functioning, suggesting that it has neurotrophic effects beside its well-known importance in metabolism. The molecular basis of these effects remains hypothetical, one of the reasons being that no efficient cell model has been made available for investigating the consequences of B12 cellular deficiency in neuronal cells. Here, we designed an approach by stable transfection of NIE115 neuroblastoma cells to impose the anchorage of a chimeric B12-binding protein, transcobalamin-oleosin (TO) to the intracellular membrane. This model produced an intracellular sequestration of B12 evidenced by decreased methyl-Cbl and Sadenosylmethionine and increased homocysteine and methylmalonic acid concentrations. B12 deficiency affected the proliferation of NIE115 cells through an overall increase in catalytic protein phosphatase 2A (PP2A), despite its demethylation. It promoted cellular differentiation by improving initial outgrowth of neurites and, at the molecular level, by augmenting the levels of proNGF and p75 NTR . The up-regulation of PP2A and pro-nerve growth factor (NGF) triggered changes in ERK1/2 and Akt, two signaling pathways that influence the balance between proliferation and neurite outgrowth. Compared with control cells, a 2-fold increase of p75 NTR -regulated intramembraneous proteolysis (RIP) was observed in proliferating TO cells (P < 0.0001) that was associated with an increased expression of two tumor necrosis factor (TNF)-␣ converting enzyme (TACE) secretase enzymes, Adam 10 and Adam 17. In conclusion, our data show that B12 cellular deficiency produces a slower proliferation and a speedier differentiation of neuroblastoma cells through interacting signaling pathways that are related with increased expression of PP2A, proNGF, and TACE.
V
itamin B12 (B12, also named cobalamin, Cbl) deficiency has long been associated with pernicious anaemia (1) and neurological disorders that range from minor behavior changes to severe neurodegenerative disorders (2) . Molecular mechanisms are still lacking to explain how the deficiency can bring about all of the symptoms observed. Indeed, only two enzymes are B12-dependent in mammalian cells: the mitochondrial enzyme L-methylmalonyl-CoA mutase (EC 5.4.99.2) and the cytoplasmic homocysteine methyltransferase, also referred as methionine synthase (EC 2.1.1.13). Inferences are thus based on the two direct consequences of B12 deficiency: the accumulation of methylmalonic acid (MMA) and homocysteine (Hcy). Until now, the consequences of B12 deficiency in the brain have been difficult to evidence because of the experimental limitations of the classical cell models. Indeed, the minute amount of vitamin B12 needed by cells can be provided in vitro by B12 from the FCS, which can bind the ''autocrine'' B12 carrier protein, transcobalamin (TC) (3, 4) .
To delineate the role of B12 in neurological disorders, we designed a neuronal cell model made deficient in B12 through the stable expression of a chimeric protein associating TC with oleosin, a plant protein that is targeted to oil bodies via the endoplasmic reticulum (ER) (5) . The expression of oleosin in reticulum remains when oleosin is heterologously expressed in mammalian cells (6) . TC is the protein that displays the highest affinity for B12; it is constitutively secreted into plasma to bind the circulating vitamin B12, internalized into cells via receptormediated endocytosis, and subsequently addressed in cytosol and mitochondria (3, 4, 7) . We linked TC to the hydrophobic oleosin to sequester B12 in the cytosolic face of intracellular membranes. We designed this approach to create cellular models deficient in vitamin B12 (8) . The consequences were here studied to reveal the molecular mechanisms affecting growth and differentiation of neuronal cells (Fig. 1) . Our results indicated that the B12-impaired metabolism induced by the overexpression of TC-oleosin influences interacting signaling pathways related to PP2A (protein phosphatase 2A), pro-nerve growth factor (NGF), and TNF-␣ converting enzyme (TACE) and consequently produces a slower growth and a speedier differentiation of NIE115 cells.
Results
We created several stable NIE115 cell lines that express TColeosin (TO), oleosin-TC (OT), and GFP-TC-oleosin (GTO), respectively (Fig. 2) . The incorporation of the transgenes was verified by PCR with specific primers (Fig. 2B) . As a control for transfection, another stable NIE115 line that expresses an unrelated membrane protein, VR1 (transient receptor potential vanilloid subfamily member 1; TRPV1) was also created. The content of tyrosine hydroxylase remained unmodified in both proliferative and differentiation status of the stably transfected cells (Fig. 2C ). Fig. 2D shows the results of the radioactive B12 binding in both intact cells and lysed membrane fraction of the cells after 20 min of incubation. The TO-expressing cells possessed the highest binding capacity to B12, while OT-expressing cells had a binding capacity similar to that of TRPV1-transfected and nontransfected wild-type (WT) cells. The GFP, TO, and OT constructs enabled us to confirm the intracellular membranous localization of the fusion protein in the reticulum (Fig. 2E and Fig. S1 ).
The concentration of Hcy and MMA in culture medium and cellular extract was higher in TO cells compared with OT and WT cells (Fig. 3A) . This indicated that the B12 intracellular sequestration impaired the B12-dependent activity of methionine synthase and of MMA mutase, respectively. We chose OT cells as a control here because both TO and OT were transfected cells overexpressing oleosin-containing proteins and cultivated in the same conditions. As shown in Fig. 3 , compared with OT cells, TO cells displayed a statistically significant reduction in conversing CN-Cbl into methyl-Cbl, ado-Cbl, and aquo-Cbl and in SAM/SAH ratio.
The rate of proliferation of TO cells was 5.5-fold reduced, compared to that of OT-transfected and WT cells (Fig. 4A) . The reduction was less dramatic (1.5-fold) when performing these experiments in excess of vitamin B12 in culture medium (200 M).
This reduced rate could be related to an increase in PP2A (9). Indeed, both demethylated PP2A and total catalytic PP2A C were increased in TO cells ( Fig. 5 A and B) . We examined the level of ERK1/2 and p38 because the PP2A-dependent MAPK pathway is known to regulate the cellular proliferation and differentiation processes (10) . Phospho-ERK1/2 levels were significantly reduced in the B12-lacking TO cells, while the variation in p38 occurred only at the 5D stage by comparison with OT cells (Fig. 5 D-F) . Total CDK2 level in TO cells appeared reduced in cells upon differentiation (Fig. 5G) , probably reflecting the inactivation of ERK1/2 in a specific cyclin E-dependent way (Fig.  5H) . Cyclin D was not affected.
The B12-lacking TO cells started their outgrowth of neurites earlier than OT and WT cells and had an increased level of PSD 95 at day 5 of differentiation ( Fig. 4 B-D) . This effect was abolished when adding 200 M B12 in the culture medium. This observation translated into a slightly longer mean neurite length when the outgrowth of neurites was quantified under constant cell density. We found that, once triggered to differentiate, TO cells had an increased level of pro-NGF, compared to OT (Fig.  6A) . Tyrosine kinase A (TrkA) receptor, functionally depending on NGF, was unchanged (Fig. 6B) , while the p75 neurotrophin receptor (p75 NTR ), being part of this receptor complex, was up-regulated in proliferating TO cells (Fig. 6C) . Up-regulation and activation of the Akt cascade has been linked to the differentiation of human neuroblastoma cells (11, 12) . In our model, total Akt and phospho-Akt, detected by an anti-phospho S473 Akt, were both found increased in TO cells (Fig. 6 D and  E) . Glycogen synthase kinase 3␤ (GSK-3␤) is a key downstream effector of Akt that can be reactivated by PP2A (13) . However, no significant difference could be observed between the two TO and OT cell lines for both phospho-GSK-3␤ and total GSK-3␤ (phospho-GSK3␤: P ϭ 0.477, 0.869, and 0.537 for P, 3D, and 5D cells, respectively, and total GSK-3␤: P ϭ 0.934, 0.473, and 0.133 for P, 3D, and 5D cells). This suggests that other pathways may counterbalance the influence of Akt (14) .
Western blot analysis of p75 neurotrophin receptor (p75 NTR ) additionally revealed the presence of regulated intramembraneous proteolysis (RIP) in proliferating cells (15) , with an Ϸ2-fold increase, compared with the control OT cells (Fig. 6C) . Such RIP of the p75 NTR involves the family of TACE. Consequently, two TACE enzymes most implicated in brain were examined: Adam 10 and Adam 17. 
Discussion
Our experimental cell model was designed to identify the molecular mechanisms of B12 impaired cellular metabolism related to proliferation and early differentiation. It appeared to be not adapted for evaluating the effects of B12 in fully differentiated NIE115 neuroblastoma cells because they became detached and died once reaching fully differentiation status. We compared TO with OT cells rather than with WT cells because (i) they only differed by the B12 binding capacity of the expressed chimera and subsequent B12-impaired metabolism, (ii) both cell lines were cultivated in the presence of G418 aminoglucoside, a condition that cannot be used for WT cells. The lack of B12 trapping effect in OT cells suggests that the integration of TC in the chimera modified the conformation of its N-terminal domain (7, 8) .
Recently, we showed that the stable transfection with TO produces a dramatic decrease of methyl B12 and of methionine synthase activity in the cytosol fraction of Caco2 and NIE 115 cells (8) . Here, the B12 impaired metabolism in the whole cell lysates of TO cells was confirmed by the decreased conversion of B12 into methyl-Cbl, ado-Cbl, and aquo-Cbl, the accumulation of both Hcy and MMA, and the reduction of succinic acid and SAM/SAH ratio in the whole cell lysate. OT and WT cells proliferated at a much higher speed than TO cells, while neurite outgrowth and PSD 95 expression were significantly higher in TO cells than in WT and OT cells. Only OT cells could be considered as a valid control of TO cells for the mechanistic study of B12 deficiency, because they were cultivated also with G418. Taken together, these lines of evidence suggest that reduced proliferation and earlier differentiation of the transfected TO NIE 115 cells are linked, at least in part, to B12-impaired metabolism. 57 Colabeled Cbl (Ϸ300 Ci/g) at a concentration of 30,000 cpm/L was incorporated into culture medium (30,000 cpm/mL culture medium) for 3 days. The various forms of vitamin B12 in whole cell extracts were analyzed by HPLC (described in ref.
3). The total amount of radioactivity taken by each cell lines was considered as 100%. Absolute amount of radioactivity in 100 000 ϫ g pellet and supernatant of TO and OT extracts is showed in B. Significantly less Me-Cbl, Ado-Cbl and OH 2-Cbl were formed in TO cells, as evidenced in C (P Ͻ 0.001). CN-Cbl, cyano-cobalamin; Me-Cbl, methyl-cobalamin; Ado-Cbl, adenosylcobalamin; OH 2-Cbl, aquo-cobalamin; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; Hcy, homocysteine. (A-C) Typical result out of five runs performed in three repeats. Mean and SE are indicated. The molecular effects of B12-impaired metabolism are summarized in Fig. 1B . Total catalytic PP2A c actually increased in TO cells despite the relative demethylation of its C-terminal leucine residue, which was reported to have key functional consequences (16) . This relative demethylation could result either from a deficient transmethylation due to the decreased SAM/SAH ratio, or from the activation of a methylesterase by homocysteine accumulation (17) . Our data suggested that the reduction in growth of the TO cells was mediated by an inhibition of the MAPK/ERK1/2 pathway through PP2A c up-regulation, as reported in vitro and by knock out experiments in Drosophila Schneider 2 cells (18, 19) . The increased homocysteine produced in our model had similar effects on MAPKs than those obtained with exogenously added homocysteine, with inactivation of ERK1/2 and inhibition of Erk1/2-dependent expression of cyclin E (20) .
The effects of TO transfection on neurite outgrowth and the increased level of PSD 95 are consistent with an influence of B12 No difference of total ERK1/2 (C) could be observed between the TO and the OT cells; phospho-ERK1/2 level (D) was significantly reduced in TO cells (for total ERK1/2, P ϭ 0.4226, 0.3992, and 0.8563 and for phospho-ERK1/2, P ϭ 0.01181, P Ͻ 0.0001, and P Ͻ 0.0001 for P, 3D, and 5D cells, respectively). (E and F) for both total p38 (E) and phospho-p38 (F), an increase was visible at the 5D stage of the cells (for p38, P ϭ 0.1087, 0.6742, and 0.02038 and for P-p38, P ϭ 0.2513, 0.6881, and 0.0013, respectively for P, 3D, and 5D cells). (G) The total amount of cyclin-dependent protein kinase 2 (CDK2) appeared reduced in TO cells in differentiated cells (for P, 3D, and 5D cells: P ϭ 0.2032, 0.0005, and 0.0004, respectively), reflecting the growth retardation associated with the TO cells. (H) A significant decrease was detected in cyclin E at 3D (for proliferating cells, P ϭ 0.394; for 3D cells, P ϭ 0.0283; for 5D cells, P ϭ 0.709). (A-H) Typical result out of three runs performed in three repeats. Densitometric analysis was normalized to an arbitrary value of 1.0 that represented the maximal value recorded within each experiment series. Mean and SE are indicated. impaired metabolism on neuroplasticity. PSD 95 is a major component of postsynaptic densities (PSDs) that promotes dendrite spine formations and multiple axon connections (21) . It is expressed in the NIE-115 cell line only after differentiation (22) . We examined the level of proNGF in TO and OT cells because neurotrophins trigger differentiation of NIE-115 cells. We found that once triggered to differentiate, TO cells augmented rapidly their proNGF level, in contrast to OT cells (Fig.  6A) . ProNGF has been demonstrated to induce neurite outgrowth, albeit to a lower extent than NGF (23, 24) . After nerve stimulation, ProNGF is released along with proteases that independently cleave proNGF to NGF (25) . For neurite outgrowth, in addition to NGF, evidence points to the participation of the p75 NTR neurotrophin and Akt pathways. Earlier works suggest that NGF, TNF-␣ and their receptors may all be involved in regulating the proliferation and differentiation of B12-lacking cells (26, 27) . NGF can induce the synthesis of TNF-␣ through NF-B in neurons, and TNF-␣ can induce the expression of NGF in glia. The receptors for these factors include the heteromeric and monomeric NGF receptors containing TrkA and p75 NTR , the latter being up-regulated in TO cells.
Adam-17 and Adam-10 are TACE secretases that activate pro-TNF-␣. The expression of TACE has been documented in neurons (28) . The increases of Adam-10 and Adam-17 reported in TO cells have to be considered with earlier studies in both B12-deficient human and animals that had shown the presence of higher level of TNF-␣ in the cerebrospinal fluid (29) (30) (31) . We did not find any change in TNF-␣ transcription level in TO. However, our data suggest that TNF-␣ may be augmented in the cerebrospinal fluid because of the increased TACE activity. TACE can be regulated by tissue inhibitors of metalloproteinases (TIMPs). TIMPs are regulated by methylation and have been associated with either brain trauma or neurodegenerative diseases (32) (33) (34) (35) . However, the role of TIMP in TACE expression remains an open question, as we have not been successful in detecting either TIMP1 or TIMP3 at the protein level.
The very effects of B12 deficiency, in particular the upregulation of p75 NTR , TACE, increased RIP of the p75 NTR by TACE as well as the production of NGF are consistent with the earlier outgrowth of neurites upon differentiation of the TO cells. This is in agreement with the studies by Ahmed et al. (36) and Logan et al. (37) , who showed that in dorsal root ganglion culture and optic nerve, TACE induced the RIPs of Nogo-66 receptor and of p75 NTR that disinhibit the outgrowth of neurites and promote their branching. The RIP of Nogo-66 receptor was not present in our culture system, indicating that the RIP of p75 NTR alone is sufficient for disinhibiting neurite outgrowth, at least in NIE115 cells.
In conclusion, our results showed that impaired cellular metabolism of B12 influences cell cycle progression and differentiation of neuroblastoma cells through interacting signaling pathways related with the increased expression of PP2A, proNGF, and TACE.
Materials and Methods

PCDNA3
Plasmids for Mammalian Cells. The oleosin sequence was determined as described in ref. 38 . The schematics of the recombinant plasmids are given in Fig. 2 A. The preparation of plasmids, the transfection, the RT-PCR and primers for PCR verification of the transgene in the stably transfected NIE115 cells, and the characteriztion of the fusion proteins have been described in ref. 8 .
Cell Culture. The NIE115 cells are neuroblastoma cells chosen here as a neuronal model (39) . The number of cell passages was limited to five after the establishment of the stable cell lines. B12 binding was found constant within the five passages used for the experiments. This assay was performed before all cell experiments. The cell number was evaluated using the classical trypan blue method using a hemocytometer. For proliferation studies, cells were cultured in a medium containing 90% DMEM with 4.5 g/L glucose (Gibco, supplemented with sodium pyruvate) and 10% FCS at 37°C in an atmosphere of air (95%) and carbon dioxide (5%). For differentiation studies, 1 day before the initiation of differentiation, cells were trypsinized gently and replated in cultured dishes at a density of 4 -8 ϫ 10 4 per 60-mm Petri dish. The differentiation medium contained 2.5% FCS and 1.25% DMSO (Sigma) in DMEM with 4.5 g/L glucose. We have quantified the neurite amount and length using the NeuroJ plugin developed for the ImageJ program (Erik Meijering). Briefly, cells were grown and differentiated for up to 96 h in 65-mm culture dishes to a constant density of 130 -150 cells per optical field (4ϫ plane, Olympus BX51WI). The living cells were fixed and stained using the Neurite Outgrowth Assay Kit (Millipore) and then photographed by Olympus digital camera for quantitative analysis by NeuroJ. The neurite number and the neurite length were the sum of all cells examined in the optical filed. The data reported were obtained from five independent experiments. Penicillin and streptomycin were added to all media; G418 at 1 mg/mL was included in the culture medium for the cells stably transfected with all pCDNA3-based vectors. The VR1 construct used as a transfection control expresses a nonspecific cationic channel (40) and was a gift from Dr. Dejian Ren of the University of Pennsylvania.
Radiolabeled B12 Binding, SAM, SAH, Hcy, Succinic Acid, and MMA Determination. The binding of radiolabeled B12 in membrane extracts from cultured cells was determined in NIE 115 cells as described for Caco 2 cells (8) . The method for determination of SAM and SAH was adapted from Miller et al. (41) as described in ref. 42 . Hcy, succinic acid and MMA were determined by a single UPLC-MS/MS procedure adapted from previously published articles, with an Acquity UPLC BEH C18 column (1.7 m, 2.1 ϫ 50 mm, Waters Corporation) (8, 43, 44) .
Protein Analysis by Western Blot. Cells were lysed directly with a solution containing 0.05 M NaH2PO4 (pH 8), 0.15 M NaCl, 0.1 M imidazole, 0.5% Chaps, and Complete Protease Inhibitors (Roche). Lysates were then centrifuged twice at 5,000 ϫ g for 10 min. The protein concentration of the supernatant was determined using Advanced Protein Assay Reagent (Cytoskeleton) and BSA as standard protein. In general, 20 g total protein was loaded per lane for SDS/PAGE. Depending on the molecular mass of the protein, the stacking and the separating gel contained 4 and 8 -12% of acrylamide, respectively. Proteins were electrotransferred onto PVDF membranes (Millipore) in 25 mM Tris buffer containing 192 mM glycine and 20% (vol/vol) methanol. The membranes were then blocked with 5% nonfat milk for 1 h at room temperature. The PVDF membrane was then probed overnight with various primary antibodies (all antibodies of the PI3K and ERK pathways, PP2Ac, and demethylated PP2A were obtained from Cell Signaling Technology; proNGF, p75 NTR , TrkA, Adam10, Adam17, and tyrosine hydroxylase were obtained from Millipore; CDK2, TIMP1, and 3 were obtained from Santa Cruz; anti-postsynaptic density-95 kDa (PSD-95) from Cell Signalling. Appropriate secondary antibodies conjugated to HRP were used for detection with ECL or ECL PLUS reagent (Amersham). Densitometric analysis was normalized to an arbitrary value of 1.0 that represented the maximal value recorded within each experiment series.
Statistics. All results were expressed as means Ϯ standard error (SE). The significance between the effects of culture conditions was determined by analysis of variance (ANOVA). Results of paired Student's t tests are denoted by asterisks ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001).
